timing and phase correction are largely preserved in ADHD and that some timing impairments observed in ADHD may stem from higher level factors (such as sustained attention).
Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a neurobehavioral disorder characterized by hyperactivity, inattention, and impulsivity. While ADHD is most commonly associated with impaired cognitive and executive function, the disorder is also associated with timing abnormalities (for reviews, see Noreika et al. 2013; Toplak et al. 2006) . Impaired timing performance in ADHD has been observed in tasks of sensory timing (Smith et al. 2002; Toplak et al. 2003) , motor timing (Valera et al. 2010; Zelaznik et al. 2012) , and timing of sensorimotor integration (Ben-Pazi et al. 2006; Rubia et al. 2003) . As such, timing deficits have been proposed to be central to ADHD (Castellanos and Tannock 2002; Rommelse et al. 2008) .
Timing tasks typically require other cognitive processes such as sustained attention and working memory. For example, duration-discrimination requires working memory. Supporting this, duration-discrimination performance is predicted by working-memory scores (Toplak et al. 2003; Toplak and Tannock 2005) . Working-memory scores also predict performance on finger-tapping tasks with complex (Bailey and Penhune 2010; Grahn and Schuit 2012) and isochronous rhythms (Jacoby et al. 2016) . Similarly, isochronous finger tapping requires sustained attention-transient lapses of attention, as in periods of mind-wandering, are associated with more variable timing in synchronized tapping (Seli et al. 2013) . Impairments in working memory, executive function, and sustained attention are well established in ADHD (Franklin et al. 2014; Willcutt et al. 2005) . As such, the question remains as to whether increased timing variability in ADHD stems from purely time-related processes or from other attention, cognitive, and executive functions (Allman and Meck 2012; Toplak et al. 2006) .
The influence of executive function on timing impairments in ADHD has been addressed by partialling out factors such as working memory and IQ from timing performance (Noreika et al. 2013; Rubia et al. 1999; Smith et al. 2002) . When controlling for such global measures, timing deficits for ADHD group appear to survive, suggesting that at least some timing deficit is independent of executive function (Noreika et al. 2013) . Although controlling for global measures like IQ or working memory is an important step, it might not control for transient lapses in attention that would impair timing performance. Ideally, time-related processing could be assessed in a task that does not depend on attention or working memory.
Experimental paradigms have been established that separate timing from attention. Pre-attentive sensory timing can be assessed with EEG in the mismatch negativity (MMN) paradigm (Hove et al. 2014b; Näätänen et al. 2007; Picton et al. 2000) . In the previous work, the MMN elicited by timing deviations was similar for children with attention-deficit/ ADHD and controls (Gomes et al. 2013; Huttunen et al. 2007; Huttunen-Scott et al. 2008) , suggesting that deficits in perceptual timing might not be due to impaired sensory timing (Gomes et al. 2013; Noreika et al. 2013 ). In the sensorimotor domain, pre-attentive timing can be assessed in a finger-tapping task that examines the timing adjustment of a finger tap after an unexpected metronome perturbation. We used this task here to examine pre-attentive sensorimotor timing.
Synchronizing movements with a beat requires rapid adjustment of movement timing when deviations from synchrony occur. This adjustment is called phase correction and has been studied extensively in the timing literature (e.g., Jacoby et al. 2015; Madison and Merker 2004; Mates 1994; Pressing 1998; Repp 2000 Repp , 2001 Repp , 2005 Semjen et al. 1998) . A common way to examine phase correction is the phaseperturbation paradigm, wherein participants synchronize their finger taps with a metronome that contains unexpected timing perturbations. An unexpected delay or advance creates an asynchrony between metronome and tap, which leads to timing adjustments on the following tap (Repp 2001 (Repp , 2005 . The response to timing perturbations is called the phase-correction response (PCR).
Phase correction generally occurs without awareness and is pre-attentive. For example, phase correction is similarly effective for metronome perturbations that are above and below the detection threshold (Repp 2001 (Repp , 2005 . For small undetectable perturbations, phase correction occurs even when participants attempt to suppress their phase correction, thus indicating that awareness and intention are not required for phase correction (Repp 2002 ). Repp and Keller (2004) manipulated attention by having participants perform concurrent mental arithmetic while tapping with a tempochanging metronome. The dual-task condition did not impair phase correction. Thus, the phase-correction tasks provide a method of assessing sensorimotor timing without confounding higher level processes such as attention. To our knowledge, such a pre-attentive timing task has not been assessed in ADHD, but could help isolate and identify the source of reported timing deficits in ADHD.
In this study, adults diagnosed with ADHD or exhibiting ADHD-like symptoms (as identified with a validated ADHD symptom checklist) and controls performed two tasks. One task was a standard synchronization-continuation tapping task: participants tapped in synchrony with an isochronous metronome-the metronome then stopped and they continued tapping at that same rate unpaced. This task assessed participants' ability to synchronize with a pacing stimulus and maintain a constant movement rhythm [involving both low-level sensorimotor timing and higher level processes such as attention (Repp 2005; Seli et al. 2013) ]. The isochronous tapping task included a range of tempi [250-, 500-, 1000-, and 1500-ms inter-onset intervals (IOI)]. Different time scales are mediated by partially distinct brain networks [e.g., subsecond timing is more reliant on cerebellar regions, and suprasecond timing is more reliant on prefrontal regions (Ivry 1996; Wiener et al. 2010) ], and thus could potentially implicate either cerebellar or frontal neural regions previously implicated in ADHD Kucyi et al. 2015; Valera et al. 2007 Valera et al. , 2010 . The other task was a phaseperturbation task in which participants tapped in synchrony with a metronome that contained occasional phase shifts (±15 and 50 ms) to create timing errors. If timing deficits in ADHD are associated with an impairment in sensorimotor timing independent of attention, we would expect to see impairments in phase correction in the ADHD group. Otherwise, intact phase correction in the ADHD group would suggest that higher level processes contribute to the observed timing abnormalities. In sum, these experiments aimed to isolate pre-attentive sensorimotor timing from higher level processes, and provide insights into the source and meaning of timing deficits in ADHD.
Materials and methods

Participants
Participants were 51 young adults who volunteered in exchange for course credit or monetary compensation. The ADHD group consisted of 25 participants (17 female, 8 male; mean age = 20.3 ± 1.0) and the non-ADHD control group consisted of 26 participants (20 female, 6 male; mean age = 20.6 ± 1.5). Participants were recruited from and participated at two public universities in Massachusetts: the University of Massachusetts-Amherst ("Site 1") and Fitchburg State University ("Site 2").
At Site 1, participants in the ADHD group (n = 17; 12 female, 5 male; mean age 20.2 ± 0.9) were classified as having ADHD symptoms based on the Adult ADHD SelfReport Scale (ASRS; Kessler et al. 2005) . This approach has been used in the previous studies (Kurdziel et al. 2015) . The ASRS is a common symptom checklist that includes 18 questions consistent with DSM-IV criteria for ADHD with response options ranging from Never (=0) to Very Often (=4). The ASRS is a valid and reliable scale for evaluating ADHD symptoms (Adler et al. 2006 ). The participants with ADHD or ADHD-like symptoms were identified in an online prescreening of students enrolled in psychology courses who completed questionnaires in exchange for course credit. Respondents with high symptom scores on the ASRS and who did not report other exclusion criteria (i.e., any history of neurological disease or injury or a past or current diagnosis of depression or anxiety disorder) were invited to participate. Those who enrolled in the study completed the ASRS again in the laboratory, and these scores were used to determine ADHD symptomology at the time of the experiment (ASRS total score M = 52.1; SE = 2.3). Ten of 17 participants in the ADHD group had a previous ADHD diagnosis. Fifteen non-ADHD controls (12 female, 3 male; mean age 20.7 ± 1.5) were recruited from the same participant pool and student community. The control group underwent the same experimental protocol including completing the ASRS (ASRS total M = 20.2; SE = 2.4). One additional control participant was excluded due to diagnostic uncertainty.
At Site 2, participants were recruited from psychology classes and fliers on campus. After potential participants contacted study staff, they were asked in a prescreening email if they had a previous diagnosis of ADHD and whether they met any of the exclusion criteria. Participants in the ADHD group (n = 8; 5 female, 3 male; mean age 20.5 ± 1.2) all had a previous diagnosis of ADHD. Participants in the control group (n = 11; 8 female, 3 male; mean age = 20.5 ± 1.6) did not have a previous diagnosis. Both groups underwent the same experimental protocol including taking the ASRS at the lab (ASRS total scores: ADHD group M = 25.6; SE = 3.0; control group M = 20.1; SE = 1.8).
All participants performed the same experimental tasks. Exclusion criteria were the same for all participants (i.e., any history of neurological disease or injury, or a past or current diagnosis of depression or anxiety disorder). Participants taking psychostimulants for their ADHD symptoms were asked to refrain from taking their medication in the morning before their experiment. The study was approved by Institutional Review Boards at the University of MassachusettsAmherst and Fitchburg State University. Participants provided written informed consent prior to participating.
Materials and procedure
Participants performed two finger-tapping tasks: an isochronous synchronization-continuation task and a phase-correction task. Participants performed the experiment in a quiet room. Auditory sequences consisted of 40-ms-long digital piano tones with a fundamental frequency of 440 Hz. Tones were presented over circumaural headphones. Participants tapped their right index finger on a Roland SPD-6 drum machine. Sequences were presented and taps were recorded using programs written in MAX/MSP (Version 6; Cycling 74). Participants initiated each trial by pressing the spacebar. The experimenter was seated out of the participant's visual field. At Site 1, task order was fixed: participants first completed the isochronous task followed by the phase-perturbation task. At Site 2, task order was counter-balanced; analyses revealed that task order had no effect on any performance measures; thus, there were no "practice" effects (p values ranged from 0.2 to 0.8).
Isochronous finger tapping
Participants tapped in synchrony with an isochronous metronome presented for 40 cycles. Participants were instructed to continue tapping unpaced at the same rate for the equivalent of 40 more cycles at which time a higher pitched tone signaled the end of the trial. The metronome was presented at one of four tempi: 250-, 500-, 1000-, and 1500-ms interonset interval (IOI). The order of tempi was randomized. Three trials were presented at each tempo, for 12 total trials (~960 taps per participant).
Phase-perturbation tapping
In the phase-perturbation portion, participants tapped along with a 500-ms IOI metronome that contained occasional timing shifts. Phase-perturbation magnitudes were −50, −15, +15, and +50 ms, where negative values denote an earlierthan-expected onset, and positive values denote a delayed onset. The small 15-ms perturbations should be subliminal and below the detection threshold, whereas the large 50-ms perturbations should be noticeable and above the detection threshold (Repp 2000) . Each perturbation magnitude was presented twice per trial. Phase perturbations were presented in random order and were separated by 4-7 fixed IOI tones (resulting in approximately 56 total taps per trial).
Participants completed 25 phase-perturbation trials (50 total perturbations for each perturbation magnitude).
Following the tapping tasks, participants filled out the ASRS and other questionnaires. The entire experimental session lasted ~1 h.
Data analysis
Isochronous tapping
Tap onsets were recorded from the drum machine. The intertap intervals (ITI) were calculated by subtracting each tap time from the following tap time. Taps at the beginning of each trial prior to the second metronome onset were not analyzed. Outlier ITIs stemming from doubled or missing taps were filtered out if they were shorter than 50% or longer than 175% of that trial's target tempo. We calculated the mean and standard deviation of ITIs and the coefficient of variation (SD of ITI/mean ITI). The coefficient of variation was the main measure of timing variability.
Phase-correction response (PCR)
The response to a metronome perturbation, the PCR, indexes the response to timing error (Hove et al. 2014a; Repp 2005 Repp , 2008 . The PCR was calculated by subtracting the baseline metronome tempo (500 ms) from the inter-tap interval (ITI) immediately following a metronome perturbation. For example, if the ITI following a +50-ms (late) perturbation was 535, the PCR would be 35, indicating that the participant lengthened their tap by 35 ms in response to the perturbation. PCRs greater than 100 ms were filtered out. To help ensure that participants were synchronized with the metronome at the time of the shift, we only included PCRs if the tap at the shift was within 100 ms of the metronome.
For each participant, the average PCR for each magnitude was regressed onto the perturbation magnitude. The slope of this regression line gives an estimate of the error-correction parameter, α (Repp 2005) , and captures how much of the introduced error was corrected on the following tap (e.g., at α = 0.70, 70% of the introduced error is corrected on the following tap). We examined the PCR for each perturbation magnitude and the overall error-correction parameter α.
One participant (ADHD, Site 2) incorrectly performed the phase-perturbation task by tapping at twice the metronome rate, and was excluded from the phase-perturbation analyses.
Data reduction and statistical analysis
Participants' scores of timing variability and phase correction were defined as an outlier if it was less than the first or greater than the third quartile by more than 1.5 * interquartile range (Tukey 1977) . Eighteen of the 663 total cells (2.7%) were identified as outliers with high values (8 in the ADHD group and 10 in the control group). These extreme values were winsorized and were replaced with the next highest value for that condition, group, and site (Barnett and Lewis 1994) . Tapping data at each tempo were approximately normally distributed for ADHD and control groups and Sites 1 and 2, as assessed by visual inspection of the Normal Q-Q plots. Greenhouse-Geisser corrections were applied when assumptions of sphericity were not met. Significance levels were set to p < 0.05. Statistical analyses were performed using SPSS 21.
In isochronous tapping, the mean inter-tap intervals and coefficients of variation for synchronization and continuation tapping were assessed in separate ANOVAs with the within-subjects factor tempo (250-, 500-, 1000-, and 1500-ms IOI) and the between-subjects factors site (Site 1 and Site 2) and group (ADHD and control). The four tempi were compared in post hoc t tests (uncorrected). In addition, group differences were assessed in separate two-way ANOVAs with factors group and site for each tempo.
For phase-perturbation tapping, PCRs were compared in an ANOVA with the within-subjects factor perturbation size (−50, −15, +15, and +50 ms) and the between-subjects factors site (Site 1 and Site 2) and group (ADHD and control). The phase-correction parameter α was compared in a two-way ANOVA with factors site and group.
ADHD symptomatology (as measured by ASRS total symptom score) was analyzed in an ANOVA with factors site (Site 1 and Site 2) and group (ADHD and control), and we ran Pearson correlations between ADHD symptomology and measures of tapping variability and phase correction.
Results
Isochronous tapping
Isochronous tapping tempo
The mean ITIs aligned well with the target tempo for both synchronization and continuation phases for the ADHD and control groups (Table 1) . Mean ITIs did not differ significantly between ADHD and control groups in synchronization, F(1,47) = 2.90, p = 0.10, or in continuation, F(1,47) = 0.51, p = 0.48. There were no differences between sites, ps > 0.7. Continuation tapping displayed a fair amount of tempo-dispersion especially at slow tempi as indicated by high standard errors of the mean. Therefore, we controlled for tempo using the coefficient of variation as our index of tapping variability.
Isochronous tapping variability
In the synchronization phase, the coefficient of variation was significantly higher for the ADHD group than the control group, as indicated by a main effect of group, F(1,47) = 7.01, p = 0.011, 2 p = 0.130. There was a main effect of site, with lower variability at Site 1, F(1,47) = 20.57, p < 0.001, 2 p = 0.304, but importantly, site had no significant interactions (ps > 0.7), indicating that differences between ADHD and control groups were similar across sites. The coefficient of variation differed between tempi, as indicated by a main effect of tempo, F(2.07, 97.29) = 4.66, p = 0.011, 2 p = 0.090-higher variability occurred at the 250-and 1500-ms tempi, post hoc t tests (uncorrected) ps < 0.05 (Fig. 1) . No interactions were significant. Separate ANOVAs at each tempo revealed that the ADHD group had significantly higher synchronized tapping variability at the 500-[F(1,47) = 7.80, p = 0.008] and 1500-ms tempi [F(1,47) = 7.59, p = 0.008], but not at the 250-ms tempo (p = 0.31) or 1000-ms tempo (p = 0.13).
In the unpaced continuation phase, the coefficient of variation was significantly higher for the ADHD group than the control group, as indicated by a main effect of group, F(1,47) = 10.37, p = 0.002, 2 p = 0.181. There was no significant main effect of site, F(1,47) = 3.08, p = 0.086, and no significant interactions, again indicating that ADHD/control group differences were similar across sites. The coefficient of variation differed between tempi, as indicated by a main effect of tempo, F(3, 141) = 4.00, p = 0.009, 2 p = 0.078-highest variability occurred at the 250-and 1500-ms tempi, post hoc t tests (uncorrected) ps < 0.05 (Fig. 2) .
Separate ANOVAs at each tempo revealed that the ADHD group had significantly higher unpaced tapping variability at the 500-ms tempo [F(1,47) = 9.76, p = 0.003], the 1000-ms tempo, [F(1,47) = 5.47, p = 0.024], and the 1500-ms tempo [F(1,47) = 10.44, p = 0.003], but did not attain significance at the 250-ms tempo (p = 0.095).
Phase-correction response
The phase-correction response following a perturbation did not differ between ADHD and control groups (Fig. 3) . The ANOVA revealed no main effect of group on the phasecorrection response at the various perturbation magnitudes, F(1,46) = 1.22, p = 0.28, 2 p = 0.026. There was no signifi- Table 1 Mean inter-tap interval in milliseconds (±standard error of the mean) at each tempo for synchronization and continuation tapping for ADHD and control groups. Both groups tapped at the correct tempo and there were no between-group differences in mean inter-tap intervals 
ADHD subgroup analyses
The ADHD group contained participants with a previous ADHD diagnosis (n = 18 total; 10 from Site 1, 8 from Site 2), and those without a previous diagnosis (n = 7; all from Site 1). Including participants without a previous diagnosis (who were recruited based on high symptom scores) did not dilute the sample or mask results. In support of this, we re-ran all analyses excluding the ADHD participants without a previous diagnosis. The analyses comparing the ADHD participants with a diagnosis (n = 18) to the control participants (n = 26) yielded qualitatively unchanged effects: the ADHD group was impaired in isochronous tapping (ps < 0.01), but not in phase correction (ps > 0.3).
In addition, we directly compared ADHD participants from Site 1 with and without a previous diagnosis. Site 1 participants in the ADHD group with a diagnosis of ADHD (n = 10) performed similar to those without a previous diagnosis (n = 7). In separate ANOVAs on tapping variability with the between-subjects factor ADHD subgroup (ADHD with diagnosis, ADHD without diagnosis), no significant difference was observed between subgroups during synchronization, F(1,15) = 1.96, p = 0.18, or continuation tapping, F(1,15) = 0.76, p = 0.40 (see Appendix Table 2 ). For phase correction, independent sample t tests revealed no differences between these subgroups for the overall phase-correction alpha (p = 0.47) or for phase correction at any perturbation magnitude (ps > 0.3) (see Appendix Table 3 ).
ADHD symptoms and timing
Finally, we compared ADHD symptomatology scores from the ASRS between groups in an ANOVA and examined potential relations between symptomatology scores and tapping performance with Pearson correlations.
The ANOVA revealed significantly higher ASRS scores for the ADHD group than the control group as expected, F(1,47) = 54.53, p < 0.001, 2 p = 0.54. In addition, a main effect of site showed significantly higher ASRS scores at Site 1, F(1,47) = 27.51, p < 0.001, 2 p = 0.37, and a significant interaction between group and site, F(1,47) = 27.06, p < 0.001, 2 p = 0.36, indicated that the difference between ADHD and control scores was more pronounced at Site 1. These site effects likely reflect the recruitment of subjects at Site 1 based on their high ASRS scores.
Due to the differences in ASRS scores between sites, we ran separate correlations between ASRS scores and 
Discussion
We examined timing performance of adults with ADHD and controls in an isochronous tapping task and in a phaseperturbation task that assesses pre-attentive timing. This design allowed us to examine factors that contribute to increased intrasubject variability in ADHD. Despite higher tapping variability in the ADHD group in the isochronous tapping task, the phase-correction response was nearly identical for the two groups. Since the phase-correction task is pre-attentive and isolates sensorimotor timing from higher level processes such as attention (e.g., Repp 2002 Repp , 2005 Repp and Keller 2004) , our results indicate that lowlevel sensorimotor timing was largely intact in the ADHD group. Thus, the increased variability on timing tasks in ADHD might stem more from well-established deficits in attention rather than timing per se.
Isochronous tapping variability
Relative to controls, the ADHD group displayed higher timing variability during synchronized tapping consistent with numerous other reports examining tapping variability in ADHD (Noreika et al. 2013; Toplak et al. 2006) . We also observed significant timing impairments in the ADHD group for unpaced tapping, consistent with earlier work (e.g., Valera et al. 2010; Zelaznik et al. 2012) .
In the isochronous tapping task, we examined a range of sub-and suprasecond tempi. Results showed that the ADHD group had higher timing variability than controls (significant or numerical trends) across all tempi (and no group × tempo interactions). This relative symmetry across tempi suggests that some time-invariant process contributes to the ADHD group's observed timing variability. However, participants might subdivide slow tempi and future work could discourage subdividing through dual tasks (Gilden and Marusich 2009) .
Within the ADHD group at Site 1, ADHD symptomatology correlated with tapping variability at the extreme tempi-greater ADHD symptom severity was associated with more variable tapping at the fastest (250-ms IOI) and slowest (1500-ms IOI) tempi. These extreme tempi also yielded the most variable tapping, and were most difficult as they approach the rates, where stable synchronization is not possible (Repp 2005) . Thus, in one group, the most challenging conditions yielded worse performance in the participants with more severe symptoms.
Phase correction and pre-attentive timing
The PCR has been studied extensively in healthy controls (Hove et al. 2014a, b; Repp 2001 Repp , 2005 Repp and Keller 2004; Thaut et al. 1998 ), but not in individuals with ADHD. Here, the ADHD group's overall PCR (α = 0.634) was nearly identical to the control group's (α = 0.630), and was similar to that reported in other studies (e.g., α ~0.6 at a 500-ms tempo in Repp 2008) . The PCR was similar between groups for both large detectable (±50 ms) and small subliminal perturbations (± 15 ms). Successful phase correction for small perturbations indicates that awareness and conscious strategies did not contribute to performance (Repp 2002; Repp and Keller 2004) . Moreover, only taps that were quasi-synchronized with the metronome at the time of the perturbation (within 100 ms) were analyzed, so measures of phase correction were unlikely influenced by potentially more frequent attentional lapses or greater baseline variability in the ADHD group. The current results show that preattentive sensorimotor timing is largely intact in this sample of adults with ADHD and ADHD-like symptoms.
The current results in pre-attentive sensorimotor timing parallel previous EEG work on pre-attentive sensory timing. Timing deviations elicited similar MMN in children with attention-deficit/ADHD and controls, suggesting that ADHD deficits in duration discrimination might stem from compromised executive function or usage of temporal information, rather than impaired sensory timing (Gomes et al. 2013; Huttunen-Scott et al. 2008) . Our data suggest that non-timing-related processes may account for ADHD timing abnormalities in the sensorimotor domain as well.
Since timing deficits in ADHD are commonly reported in sensory, motor, and sensorimotor integration tasks, but do not readily emerge in pre-attentive timing tasks, increased timing variability might not stem from timing per se. ADHD participants exhibit greater variability in nearly all experimental tasks, so it is difficult to separate variability on timing tasks from general performance variability (Toplak et al. 2006) . For example, greater reaction-time variability commonly observed in ADHD group (Kofler et al. 2013 ) might stem not from systematically more variable responses across all trials, but rather from attention lapses (Hervey et al. 2006; cf. Schmiedek et al. 2007 ). Such attention lapses are linked to ADHD symptomatology (Franklin et al. 2014 ) and can impair performance on timing tasks (Seli et al. 2013 ).
Whether impaired timing performance in ADHD can be pinpointed to attention lapses remains to be determined.
A number of potential limitations should be mentioned. Data collection took place at two sites and used slightly different recruitment strategies. At Site 1, the ADHD sample was identified from the ASRS questionnaire, whereas at Site 2, the ADHD sample consisted of interested parties with a previous ADHD diagnosis. This likely led to the higher ASRS symptom scores in the ADHD group at Site 1. The Site 1 participants also had slightly lower tapping variability during the synchronization phase, but it is unclear why. Importantly, however, site did not interact with group on any measure of tapping performance. This indicates that the group effects (ADHD vs. control) were stable across sites. We believe that the positives of collecting data from the two sites (i.e., increased generalizability, a larger sample, and evidence against order effects) outweigh any potential negatives that might arise from possible differences between samples (e.g., in recruitment, school culture, or experimenter effects). In addition, in the Site 1 ADHD sample, only 10 of 17 reported a previous ADHD diagnosis. Notably, however, tapping performance was very similar for previously diagnosed and undiagnosed participants in the ADHD group. Nonetheless, it is possible that some participants in our ADHD group would not meet the full diagnostic criteria for ADHD, and comorbidities may exist in both the ADHD and control groups. Effects of the PCR could be hard to detect if the ADHD sample is diluted. However, the near identical PCR values between the control group and the ADHD group (both the full ADHD sample, and only those with a previous ADHD diagnosis), as well as between the ADHD subgroups suggest that the null effect here accurately captures nonimpaired pre-attentive timing in ADHD.
Future studies that isolate various subprocesses are needed to identify the exact source of increased timing variability in ADHD. Other experimental methodologies, such as neuromodulation, manipulating distractibility and motivation, or assessing attention lapses via thought-probes, could help dissociate higher cognitive processes from timing processes and would improve our understanding of timing performance in ADHD. Timing abnormalities and cognitive and attentional impairments are reported in other neurological and developmental disorders, including Parkinson's disease, schizophrenia, and autism (Allman and Meck 2012; Hove and Keller, 2015) . Similar methodologies could help identify the source of poor timing performance. A more complete understanding of these disorders will ultimately help inform treatment strategies. Table 2 Coefficient of variation (±standard error of the mean) for synchronization and continuation tapping for the Site 1 ADHD subgroups: those with a previous diagnosis (n = 10) and those without a previous diagnosis (n = 7) Group 250-ms tempo 500-ms tempo 1000-ms tempo 1500-ms tempo Diagnosed ADHD (n = 10) 0.611 (0.055) −33.9 (2.7) −11.4 (1.9) 9.2 (1.7) 30.0 (4.1) 'ADHD-like' (n = 7) 0.669 (0.053) −37.7 (2.0) −9.7 (2.4) 7.8 (2.0) 26.5 (4.8)
